Abstract: The Neogene Meyer Desert Formation, Sirius Group, at Oliver Bluffs in the Transantarctic 10 Mountains, contains a sequence of glacial deposits formed under a wet-based glacial regime. Within this 11 sequence fluvial deposits have yielded fossil plants that, along with evidence from fossil insects, invertebrates 12 and palaeosols, indicate the existence of tundra conditions at 858S during the Neogene. Mean annual 13 temperatures of c. À12 8C are estimated, with short summer seasons with temperatures up to +5 8C. The 14 current published date for this formation is Pliocene, although this is hotly debated. Reconstructions produced 15 by the TRIFFID and BIOME 4 vegetation models, utilizing a Pliocene climatology derived from the HadAM3 16 general circulation model (running with prescribed boundary conditions from the US Geological Survey 17 PRISM2 dataset), also predict tundra-type vegetation in Antarctica. The consistency of the model outputs with 18 geological evidence demonstrates that a Pliocene age for the Meyer Desert Formation is consistent with proxy 19 environmental reconstructions and numerical model reconstructions for the mid-Pliocene. If so, the East 20 Antarctic Ice Sheet has behaved in a dynamic manner in the recent geological past, which implies that it may 21 not be as resistant to future global warming as originally believed.
22
There is currently great interest in the history of the East 23 Antarctic Ice Sheet, in particular its stability and response to past 24 climate change since its development in the Late Eocene (Barker 25 et al. 1999) . Understanding the past behaviour of the ice sheet is 26 important because it provides critical information about how this 27 large store of fresh water, ice-equivalent to more than 50 m 28 global sea-level rise, may respond to future climate change. 29 How the East Antarctic Ice Sheet responded to a well-30 documented phase of global warming during the mid-Pliocene, c. 31 3 Ma bp (e.g. Dowsett et al. 1999) , is a topic of significant 32 debate. The 'stabilist' group argue that evidence of ancient 33 landscapes, mainly in the Dry Valleys in East Antarctica (Denton 34 et al. 1993) , suggests that a cold polar climate has been 35 maintained for at least the past 14 Ma and that the subsequent 36 mid-Pliocene warming event had little impact on Antarctic ice 37 sheets and the local landscape. In contrast, the 'dynamists' 38 propose that the ice sheet was unstable during the Neogene and 39 did respond to the warming phase during the mid-Pliocene by 40 partially deglaciating (Webb et al. 1984; Webb & Harwood 41 1987) . 42 Much of this debate has centred on the Sirius Group strata, 43 which crop out at numerous localities in the Transantarctic 44 Mountains. These strata, particularly the Meyer Desert Formation 45 at Oliver Bluffs ( Fig. 1) , consist mostly of diamictites but also 46 contain a unique and exceptional assemblage of fossil soils, 47 animals and plants (discussed below) that signal the presence of 48 tundra-like habitats at 858S, an environment considerably warmer 49 than the present glacial conditions. 50 Attempts have been made to model Antarctic mid-Pliocene 51 vegetation, to test whether the tundra habitat indicated by this 52 fossil evidence can be reproduced. Haywood et al. (2002) used 53 mid-Pliocene climatologies derived from an atmospheric general 1 circulation model (HadAM3 GCM) to drive a mechanistically 2 based biome model (BIOME 4). The study helped to identify 3 mid-Pliocene vegetation patterns in equilibrium with different 4 scenarios for Antarctic ice-sheet cover. However, because the 5 BIOME 4 model was effectively used offline to the climate 6 model the interaction between climate and vegetation was not 7 fully resolved.
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A more realistic approach would allow vegetation to actually 9 grow and interact with climate. Therefore, to better understand 10 the role of mid-Pliocene climate-vegetation feedbacks, the land-11 cover must be treated as an interactive element by incorporating 12 a dynamic global vegetation model (DGVM). In this paper we 13 examine whether the TRIFFID DGVM and BIOME 4 vegetation 14 models, which utilize a climatology produced by the HadAM3 15 GCM for the mid-Pliocene, can reproduce the Antarctic tundra 16 habitats interpreted from the geological evidence, in particular 17 from fossil plants. The (Cox 2001 ). The areal coverage, leaf area index and 42 canopy height of each type are updated based on a carbon balance 43 approach, in which vegetation change is driven by the net carbon fluxes 44 calculated within the MOSES2 land surface scheme, which is part of the 45 HadAM3 GCM (Cox 2001 ).
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The spin-up of the model was a multistage process. TRIFFID was 47 initialized with 100% shrub coverage in all terrestrial model grid boxes 48 not covered by the imposed PRISM2 ice sheets. Shrub was selected 49 because of its relatively neutral characteristics of surface albedo and 50 surface roughness. The first stage of the model spin-up involved an 51 iterative coupling between the HadAM3 GCM and the TRIFFID model 52 running in equilibrium mode. The HadAM3 GCM was integrated for 53 5 years after which the required fluxes of moisture and carbon were 54 passed to the TRIFFID model. TRIFFID was then integrated for a total 55 of 50 years, after which the updated vegetation and soil variables were 56 passed back to the HadAM3 GCM. This process continued for a total of 57 50 simulated HadAM3 years, and 500 simulated TRIFFID years. This 58 approach, similar to a Newton-Raphson algorithm for approaching 59 equilibrium, is a proven and effective method in producing equilibrium 60 states for the slowest variables (e.g. soil carbon and forest cover). The 61 second stage involved using the HadAM3 and TRIFFID models in their 62 fully dynamic mode in which the vegetation cover and other character-63 istics were updated every 10 days. The model was integrated in this fully 64 dynamic mode for a total of 30 simulated years to allow the model to 65 adjust to short time-scale vegetation variability.
66
Vegetation models are relatively new tools and display considerable (Kaplan 2001 , and references 8 therein). BIOME 4 is the latest in a series of mechanistically based 9 models that are developed from physiological considerations that place 10 constraints on the growth and regeneration of different plant functional 11 types. These constraints are calculated through the use of limiting factors 12 for plant growth. These include the mean temperature of the coldest and 13 warmest months, the number of growing degree days (GDDs) above 0 14 and 5 8C, and the calculation of a coefficient (Priestley-Taylor coeffi-15 cient) for the extent to which soil moisture supply satisfies atmospheric 16 moisture demand. GDDs are calculated by linear interpolation between 17 mid-months, and by a one-layer soil moisture balance model independent 18 of the HadAM3 GCM hydrology.
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We ran BIOME 4 on a 2.58 3 3.758 grid corresponding to the same 20 resolution as the HadAM3 GCM. Monthly mean surface temperature, 21 precipitation and cloud cover were compiled from 10 simulated years of 22 our Pliocene experiment to provide the climatic information necessary 23 for the BIOME 4 model. 24 Model results (Pliocene Antarctic climate) 25 The specification of the PRISM2 boundary condition dataset 26 within the HadAM3 GCM results in a dramatic warming over 27 Antarctica relative to the present day. Surface temperatures 28 remain below 0 8C in all areas of Antarctica for 9 out of 29 12 months of the year. In contrast, surface temperatures over 30 Antarctica for the present day remain at 0 8C or below for the 31 entire year. During December, January and February (particularly 32 December and January) surface temperatures in West Antarctica, 33 near coastal localities, in deglaciated parts of East Antarctica, 34 and in the Transantarctic Mountains region climbed above 35 freezing to a maximum of +8 8C (mean +4 8C; Fig. 2a and b) . 36 The predicted warming over Antarctica in the mid-Pliocene 37 experiment is a result of the prescribed warmer Southern Ocean 38 SSTs, reduced terrestrial ice cover and lower surface albedo 39 values. Furthermore, the reduced ice volume lessens the strength 40 of surface winds over much of the continent (caused by reduced 41 elevation connected to a smaller ice cap) and acts as a further 42 positive feedback mechanism on surface temperatures.
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Although little annual variation in the amount of precipitation 44 between the Pliocene and present day is predicted, significant 45 seasonal differences between winter and summer are observed 46 ( Fig. 2c and d 54 Model results (Pliocene Antarctic vegetation cover) 55 The predicted BIOME 4 vegetation distribution over deglaciated 56 areas of Antarctica is dominated by cushion forb lichen moss 57 tundra, prostrate shrub tundra, dwarf shrub tundra or shrub 58 tundra (Fig. 3c) . The fractional coverage (%) of plant functional 59 types predicted to occur in Antarctica by the TRIFFID model is 60 dominated by C3 grasses and shrubs, which, at high latitudes, is 61 diagnostic of a tundra environment ( Fig. 3a and b (Francis & Hill 1996) ; and a low-diversity pollen assemblage 12 including podocarp conifers, Nothofagus-type angiosperms and 13 bryophyte spores (Askin & Raine 2000) . Cushion plants of 14 vascular plants, mosses, seeds similar to modern Ranunculus, 15 and various other small flowers and seeds of a tundra plant 16 assemblage have been described (Ashworth & Cantrill 2004 ).
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Some aspects of the plant fossils provide more specific 18 information about the growing environment. The small pieces of 19 fossil wood contain many very narrow growth rings, showing that 20 the small 'twigs', less than 10 mm in diameter, are in fact 21 extremely slow-growing mature stems of great age (Francis & 22 Hill 1996) . The slow growth and the asymmetrical character of 23 the growth rings are characteristic of dwarf shrubs with a 24 prostrate habit that grow in nutrient-poor soils in cold conditions, 25 commonly seen in shrubs such as arctic willow that survive in 26 the high Arctic. In addition, abrasion scars in the fossil twigs 27 indicate that the shrubs were often subject to surface abrasion by 28 wind and outwash flood sediments. Francis & Hill (1996) 29 concluded that the wood at Oliver Bluffs came from dwarf 30 prostrate shrubs that hugged the tundra surface and grew very 31 slowly in the cold tundra conditions. A mean annual temperature 32 of c. À12 8C was proposed, by comparison with similar vegeta-33 tion that survives today in Arctic tundra environments.
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The Nothofagus leaves are preserved as leaf mats, formed as 35 the result of autumnal leaf fall, probably preserved within small 36 sheltered hollows on the tundra surface. The presence of 37 deciduous Nothofagus led Hill et al. (1996) to propose mean 38 annual temperatures of À15 8C for Meyer Desert Formation 39 times, with maximum lower temperatures of À22 8C (the lower 40 tolerance limits of Nothofagus today) but with a short summer 41 season during which temperatures rose above freezing to allow 42 plant growth. Thus, a wealth of geological evidence clearly indicates that 55 during deposition of the Meyer Desert Formation at Oliver Bluffs 56 tundra conditions prevailed at times. Although the main sedimen-57 tary sequence is composed of diamictites indicative of lodgement 58 and supraglacial tills that formed during the presence of warm-59 based glaciers at this site, at times the glaciers retreated to 60 expose a tundra landscape with morainal banks and outwash 61 plains. An ice-marginal environment at the end of a glacier near 62 the head of a fjord was proposed by Ashworth (Ashworth & Cantrill 2004) . During times of glacial retreat the 4 climate was still cold, with mean annual temperatures in the 5 region of À12 8C and many months of freezing but with a couple 6 of months in summer when temperatures rose above freezing.
7 Significance and implications 8 Results of the HadAM3 GCM using the PRISM2 dataset and 9 TRIFFID-BIOME 4 vegetation models are consistent with 10 geological proxy environmental data from the Meyer Desert 1 Formation and indicate that a significant deglaciation occurred in 2 Antarctica and that a tundra environment existed during the 3 period during which the Meyer Desert Formation was deposited. 4 Mean annual temperatures of À12 8C, deduced from fossil 5 evidence, indicate that a much colder climate prevailed than has 6 been suggested previously (e.g. Mercer 1972; Webb & Harwood 7 1993; Webb et al. 1996) . Even though the short summer months 8 were warm enough to permit the growth and reproduction of 9 plants and the temperatures (c. 16 8C warmer than present in the 10 Beardmore region) would have promoted shrinkage of the ice 11 sheet, as shown in our models, the climate would have been cold 12 enough to prevent extensive melting in inland basins. The consistency of our model results with geological evidence 2 does not prove that the Meyer Desert Formation is Pliocene in 3 age, and it does not exclude the possibility that it formed in 4 earlier periods of global warmth, but it does, however, demon-5 strate that a Pliocene age for the Meyer Desert Formation is at This palaeoenvironmental reconstruction is compared with 17 outputs derived from the TRIFFID and BIOME 4 vegetation 18 models that utilized a Pliocene climatology derived from the 19 HadAM3 GCM (running with prescribed boundary conditions 20 from the USGS PRISM2 dataset). The models also predict 21 tundra-type vegetation in Antarctica for the mid-Pliocene.
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The agreement between geological data and model outputs is 23 consistent with a Pliocene date for the Meyer Desert Formation. 24 If so, the East Antarctic Ice Sheet has behaved in a dynamic 25 manner in the recent geological past and this implies that it may 26 not be as resistant to future global warming as originally 27 believed.
